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Abstract 
Selective and Adaptive Production Systems (SAPS) are widely used in the mechanical component manufacturing to deliver high 
precision products from relatively low precision sub-assemblies. By involving component inspection and partitioning, SAPS 
increase the product quality at the cost of decreasing the logistics performance of the system. In this paper, the integrated analysis 
of quality and production logistics performance in SAPS is addressed. A method to derive the optimal number of process mean 
shifts to meet desired levels of component matching is presented. Moreover, a system level simulation model is developed to 
validate the impact of the proposed shift design on the overall system performance. The proposed method outperforms existing shift 
design approaches and paves the way to the efficient design and control of SAPS. 
© 2012 The Authors. Published by Elsevier B.V. Selection and/or peer-review under responsibility of Professor D. Mourtzis and 
Professor G. Chryssolouris. 
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1. Introduction 
Managing quality in the current turbulent 
manufacturing environment becomes crucial as the 
customer's requirements increase while companies are 
under cost pressure. Typically, reducing the 
components' production tolerance is considered as an 
approach to improve the quality of assembled 
products, although increasing manufacturing time and 
cost. This approach can be inefficient since for many 
manufacturing technologies, the possibility of 
processing the components with lower tolerances is 
limited due to inherent process capability constraints. 
Selective and Adaptive Production Systems 
(SAPS) are considered a different approach to 
improve the quality of the assembled product. The 
selective part of SAPS is characterized by the 
assembly of components based on matching 
predetermined classification groups, while the 
adaptive part of SAPS is characterized by the control 
of process parameters in the upstream component 
manufacturing processes [1]. Systematic quality 
assurance system could be applied through proper 
design of partitioning in selective assembly [2]. In 
fact, in SAPS the term "process mean shift" refers to 
the adaptation of the target nominal value of the 
component's key quality characteristic in the upstream 
component manufacturing processes. By applying 
these principles, SAPS support the assembly of high 
precision products from relatively low precision sub-
assemblies, at the cost of increasing the system 
complexity and decreasing the logistic performance of 
the system.   
Selective assembly systems are used in several 
manufacturing contexts, above all automotive and 
mechanical components manufacturing, where the 
tolerances imposed on the assembled product are 
much tighter than the tolerance imposed on the sub-
components. For example, consider a piston and 
cylinder assembly where the tolerance of the 
clearance between the two components is narrower 
than the dimensional variability of the two 
components. Another application of SAPS is tight 
dimensional control of part-to-part gap during laser 
welding operations, which is essential to ensure the 
quality of the weld. This application can be extremely 
beneficial in the automotive industry. SAPS can 
match similarly shaped metallic sheets in order to 
have a homogeneous gap between metal sheets during 
the welding process. The measured data can be 
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characterized by the statistical modal analysis [3]. In 
[4] different compensation policies, including 
selective assembly, were investigated in order to 
integrate quality strategies into micro production 
systems.  
Although SAPS significantly improve the quality 
of the assembled products, they increase the 
complexity of the system and decrease its production 
logistics performance which caused by surplus 
components. The objective of this paper is to propose 
a methodology to improve the quality and production 
logistics performance of SAPS, through the optimal 
design of the process adaptation parameters. The 
contribution of this paper is two-fold: firstly a 
practical method to optimally design the process shifts 
needed to meet a desired matching level is provided; 
secondly, a simulation model to validate the benefits 
of the proposed approach at system level, jointly 
considering the implications with quality and logistics 
performance in an integrated framework, is proposed. 
2. Literature Review 
Research and development has been conducted 
regarding selective and adaptive production systems 
in several directions. The performance of SAPS 
considering only selective assembly, which is the 
design of partitioning schemes to match components 
into high quality assemblies, has been addressed. 
Partitioning is often based on two schemes, i.e. equal 
width and equal probability partitions. In [5], an 
algorithm for minimizing the surplus components in 
selective assembly is developed through defining the 
optimal partitioning scheme. In [6] the authors 
propose optimal partitioning strategies under several 
loss functions and distributional assumptions, 
considering situations in which only one of the 
components is partitioned as well as situations in 
which both components are partitioned. In [5], a new 
methodology is proposed to minimize the surplus 
components in the case of complex assemblies. This 
work develops an optimized partitioning method that 
is able to reduce the number of bins for assembly of 
ball bearings consisting of inner race, outer race and 
balls. Simulation results proposed in [8] show that 
increasing the number of bins improves the assembly 
accuracy, but decreases the efficiency of the assembly 
line.  
Other studies investigate the effects of the 
adaptability of processes on the performance of 
SAPS, in addition to selective assembly. SAPS 
productivity simulation results [1] give insight 
regarding the interdependencies of logistic system 
design, production system design, and product design 
in determining the overall efficiency of SAPS. In [9] a 
one-shift process mean design for SAPS was 
proposed. In details, by producing the component at 
different target process means, each one having an 
assigned probability, the original dimensional 
distribution of the component was changed and 
controlled. The authors show that with one shift in the 
process mean and the equal-probability partitioning 
scheme, zero surplus components can be obtained at 
the cost of highly increasing the number of bins. The 
effects of mean shift on manufacturing mating 
components and the selection of the number of bins in 
selective assembly through Taguchi loss function 
have also received attention [10]. In [11] and [12], 
three-shifts process mean designs were investigated to 
reduce the number of surplus components, as shown 
in Figure 1, where the process adaptation is applied to 
the smallest variance component, Y. Finally, in [13], a 
simulation model to evaluate the performance of 
different SAPS configurations is proposed.  
 
Fig. 1: Three-shift policy proposed in [11].  
As discussed above, although the process 
adaptability of SAPS has been proposed as a suitable 
solution to improve SAPS performance, its design has 
received limited attention in the literature. This paper 
addresses the problem of optimally selecting the 
number of shifts of process mean in SAPS. Moreover, 
it validates the effect of the proposed optimal design 
on the overall quality and logistics performance of the 
system, showing great benefits towards state-of-the-
art approaches. 
3. Modelling Assumptions 
3.1. Components Dimensional Distribution  
In this paper we assume the assembly of two 
components, namely X and Y. The critical quality 
characteristic of component X, named x, is assumed 
to be normally distributed, i.e. N(μx,ı2x). The critical 
quality characteristic of component Y, namely y, is 
assumed to be normally distributed with mean μy and 
variance ıy2=(Ĳıx)2, where ߬ is the ratio between the 
standard deviation of Y and X, 0Ĳ1. The clearance 
between the two components is C with tolerance ¨. 
The process mean shift is assumed to be applicable 
only to the lowest variance component Y. Each shift is 
defined by a process mean shift magnitude of bi from 
the nominal process mean μy and an associated shift 
probability of pi. Symmetric process mean shifts to 
right and left are assumed, i.e. each shift with 
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magnitude bi has a corresponding shift with 
magnitude -bi, both having probability pi of 
occurrence. The total number of process target values 
is denoted with S and the corresponding shift levels 
and probabilities are the element of the vectors b and 
p. In this settings, S=1 means that there is unique 
process target value, i.e. no shift is implemented.  
The fraction of components X and Y that is out of 
specification limits is denoted respectively as Ȗx and 
Ȗy. These fractions can be calculated as:  
}.{ xxx LSLxUSLxprob dt J                          (1)
}.{ yyx LSLyUSLyprob dt J                                  (2)         
where the LSL and the USL are respectively the lower 
and the upper specification limits imposed on the 
components by design. We assume that out of 
specification components are scrapped by the system. 
3.2. Binning Strategy 
Components are partitioned according to the equal-
width binning scheme. The width of each bin is 
w=2D/n, where 2D=USL-LSL. The number of bins n 
can be chosen to have 0w¨, i.e. all the matched 
components are within the acceptable clearance range 
thus being conforming assembled parts. In this model, 
design specification widths are assumed to be equal 
for both components, Dx=Dy=D. Clustering bins are 
built as follows: 
(x0,x1,...,xn1,xn)  (Px D,Px D w,...,Px D w,Px D)
(y
0
,y
1
,...,y
n1,yn)  (PY D,PY D w,...,PY D w,PY D)
         (3)               
where, (xi-1,xi] and (yi-1,yi] are the boundaries of each 
partition i=1,..,n for component X and component Y, 
respectively.  
3.3. Performance measures 
The performance measures of interest for SAPS 
are: 
x R(S,b,p) is the matching probability, i.e. the 
probability of matching components X and Y of 
corresponding clusters, under S process mean 
levels and shift parameters b and p. 
x E is the average throughput of the system, i.e. the 
number of parts produced in a time unit.  
x WIP is the average level of work-in-progress, i.e. 
the total number of components X and Y waiting in 
bins for assembly. 
4. Matching probability Evaluation Method 
To evaluate the matching probability R(S,b,p), we 
set Ri(S,b,p) as the probability of matching 
components X and Y for partition݅, where i=1,..,n. 
The probability Px,i of releasing a component X in 
partition ݅ is: 
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Where )(X) is the standard cumulative normal 
distribution. Similarly, the probability of releasing 
component Y in partition ݅, PY,i, is: 
)()( 1,  iYiYiY yFyFP                          (5) 
In case S shifts are implemented to the target mean of 
component Y, the cumulative distribution function of 
Y is: 
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Therefore, the matching probability of each partition 
is: 
)}()(),()(min{),,( 11   iYiYiXiXi yFyFxFxFpbSR
 (7) 
and the total matching probability is: 
),,(),,(
1
pbSRpbSR n
i i¦                         (8) 
It is worth to mention that there exists a limit value of 
this matching probability, called Rlim, which is related 
to the fraction of scrapped components as follows: 
}1,1min{ YXLimR JJ                         (9) 
The corresponding number of shifts is Slim. It is 
remarkable to notice that increasing the number of 
shifts beyond Slim does not provide any additional 
contribution to the matching probability increase. 
5. Shift design Optimization 
5.1. Formulation of optimization problems 
In order to derive the optimal shift design of SAPS, 
two optimization problems are formulated and solved. 
Problem 1: Maximization of the matching 
probability 
The objective is to find the maximum matching 
probability R(S,b,p), for a given value of S. The 
decision variables are b and p for the corresponding 
value of S.  
The following constraint optimization problem is 
solved: 
:
),,(
ToSubject
pbRMax  
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Problem 2: Optimal number of shifts 
The objective is to find the optimal number of shifts 
S* which corresponds to a required target matching 
probability R*(S,b,p). The formulation of problem 2 
is: 
),,(),,(
:
* pbSRpbSR
ConstrainUnder
SMin
t
 
5.2. Solution of the optimization problems
The method used to solve problem 1 is inspired by 
[12] and is based on non-linear optimization. While 
approaching problem 2, we first check the existence 
of a feasible solution to the problem. The required 
matching probability R* should be lower than the 
overall maximum matching probability Rlim. If this 
condition holds, the solution of Problem 2 is found by 
applying the algorithm described in Figure 2. If the 
required matching probability R* is attained with no 
shift (S=1) of process Y, there is no need to adapt the 
process. Otherwise, we increase the number of shifts 
(S=S+2) and we solve Problem 1 to find the maximal 
attainable matching probability with the updated 
number of shifts. This procedure is repeated until the 
target matching probability is met. The corresponding 
shift value solves Problem 2. 
Upon convergence, the vectors b and p contain the 
optimal design of the process shift levels and the 
associated probabilities. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2: Block diagram for Problem 2 
5.3. Numerical Results  
In the following, a numerical example that shows 
the benefits of the proposed approach with respect to 
state of the art process shift design methods is 
extensively reported. Similar results have been found 
on a wide set of 100 test cases. The required matching 
probability, R*, is set to 99%. The sample case data 
are reported in Table 1.  
Table 1: Sample case data 
Parameters Values 
μx 2.75 
ıx 0.15 
μy 2.5
ıy 0.045 
D 0.45 
n 10 
C±¨ 0.25±0.09 
Based on the reject fractions of components X and 
Y, the overall maximum matching probability Rlim is 
99.73%, which is higher than required matching 
probability. As it can be seen from Table 2, there is 
5.7% improvement in terms of matching probability 
between the 3-shifts design proposed by [12] and our 
optimal 5-shifts design. The matching probability 
improvement of our optimal design compared to the 
3-shifts design proposed by [11] is about 19%. Also, 
the matching probability is improved by 95% 
comparing no-adaption policy to the proposed optimal 
shift design. Figure 3 shows the impact of increasing 
shift on the matching probability and Table 3 
illustrates the specific results of the methods proposed 
by [11], [12] and the optimal shift design proposed. 
6. Simulation Model  
In order to analyze the impact of the developed 
process adaptation design method on the integrated 
quality and logistics performance of the overall SAPS 
a discrete event simulation model was developed.  
Table 2: Maximum matching probability for a given number of 
shifts  
Iteration Shifts Matching Prob. 
1 1 49.68% 
2 3 93.57% 
3 5 99.33% 
4 7 99.73% 
5 9 99.73% 
Assign S=1 
Solve Pb 1. 
Compute R(S,b,p)
If R(S,b,p)<R*
S,b,p is the 
solution.
S=S+2
Yes 
No
R*
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Fig. 3: Matching probability as a function of the number of shifts   
6.1. Simulation Model Assumptions 
Selective and adaptive systems where components 
X and Y are assembled are considered. The system 
layout is represented in Figure 4.The components X 
and Y are respectively processed by machines Mx and 
My. They are considered to be unreliable and subject 
to failures. For machine Mx (My) the probability of 
failure is px=1/MTTFx (py=1/MTTFy) and the 
probability of repair is rx=1/MTTRx (ry=1/MTTRy). It 
is assumed that there is always available material 
upstream Mx and My, i.e. they are never starved.  
After the process, each component is inspected and 
sorted into the downstream bins according to the 
measured dimensional key characteristic. In line with 
the previously introduced assumptions, a total number 
of n bins are defined for both X and Y, namely Bix and 
Biy, with i=1, ….,n. The capacity of each bin is finite 
and equal to Nix and Niy, which are natural numbers.  
 
The assembly station MA, takes one component X 
and one of component Y from the corresponding bins 
and assemble them. If more than one couple of 
components is available for assembly, the FIFO 
policy is followed. The assembly station is also 
assumed to be unreliable and subject to failures. In 
details, MA fails with probability PA=1/MTTFA and is 
repaired with probability rA=1/MTTRA. 
 
The average level of work-in-progress, WIP, is 
evaluated through the following equation: 
¦¦
  
 
n
i
y
i
n
i
x
i nnWIP
11
                      (10)       
Where and are the average levels of the ith 
bins for components X and Y, respectively.  
6.2. Deadlock states 
In SAPS if the system behavior is regulated by the 
previous assumptions, deadlock states are possible. 
Specifically a deadlock state is observed. In order to 
avoid deadlock state, several management practices 
have been introduced for SAPS. According to the 
strategies proposed in [9], in order to avoid deadlock 
state we select the discard strategy. 
6.3. Simulation Results 
The optimal shifts designs obtained for previously 
analyzed experiment has been tested at system level  
with the simulation model. In addition to the data 
reported in Table 1, failure probabilities have been set 
to px=0.034, rx=0.43, py=0.034, ry=0.43, pA=0.033, 
rA=0.33.  
Table 3: Details results in the application of three alternative methods  
x
in
y
in
 
ሺ܊כǡ ܘכሻ ൌ ሺ૙Ǥ ૚ૠ૚ǡ ૙Ǥ ૜૞ሻ 
3-shifts [11] 
ሺ܊כǡ ܘכሻ ൌ ሺ૙Ǥ ૚ૠǡ ૙Ǥ ૛ૠሻ 
3-shifts [12] 5-shifts proposed optimal design  
ሺ܊૚כ ǡ ܊૛כ ǡ ܘ૚כ ǡ ܘ૚כሻ ൌ
ሺ૙Ǥ ૚૞૟ǡ ૙Ǥ ૜૙૝ǡ ૙Ǥ ૛૜૟૞ǡ ૙Ǥ ૙૝૝ሻ 
Bin n° X Y Ri X Y Ri X Y Ri 
 0.001 0.000  0.001 0.000  0.001 0.000  
1 0.007 0.000 0.000 0.007 0.000 0.000 0.007 0.005 0.005 
2 0.027 0.004 0.005 0.027 0.004 0.004 0.027 0.031 0.028 
3 0.079 0.142 0.079 0.079 0.111 0.079 0.079 0.078 0.079 
4 0.160 0.196 0.159 0.160 0.159 0.159 0.160 0.159 0.159 
5 0.226 0.156 0.156 0.226 0.226 0.226 0.226 0.226 0.226 
6 0.226 0.156 0.156 0.226 0.226 0.226 0.226 0.226 0.226 
7 0.159 0.196 0.159 0.159 0.159 0.159 0.159 0.159 0.159 
8 0.079 0.142 0.079 0.079 0.111 0.079 0.079 0.078 0.079 
9 0.028 0.004 0.005 0.028 0.004 0.004 0.028 0.031 0.028 
10 0.007 0.000 0.000 0.007 0.000 0.000 0.007 0.005 0.005 
 0.001 0.000  0.001 0.000  0.001 0.000  
Matching   0.798   0.936   0.993 
Surplus   0.202   0.064   0.007 
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Fig. 4: Schematic representation of SAPS. 
 6.3. Simulation Results 
All buffer sizes are set to 40. Table 4 shows the 
simulation results. 95% confidence interval widths are 
0.01% and 4% of the average throughput and the WIP, 
respectively. 
Table 4: Simulated total throughput and WIP for different shifts 
designs (3* denotes the 3-shifts design proposed by [11]). 
Shifts TH WIP 
1 0.4638 378.4 
3* 0.7399 355.4 
3 0.8427 305.8 
5 0.8928 200.7 
The optimal 5-shifts design improved throughput of 
the system by 92%, 20%, and 5.9% compared to no-shift 
design, the 3-shifts design proposed by [12], and the 3-
shifts design proposed by [13]. The WIP is reduced by 
47%, 43% and 34% compared to no-shift design, to the 
3-shifts design proposed by [12], and to the 3-shifts 
design proposed by [13]. Figure 5 and 6 show the 
optimal design improvements on system throughput and 
WIP, respectively. 
 
 
Fig. 5: Observed throughput under different shits designs for case 2. 
7. Conclusions and Further Research 
In this paper, an integrated quality and production 
logistics analysis to supporting the design of selective 
and adaptive production systems has been proposed. In 
particular, a method to derive the optimal number of 
process shifts has been proposed. Results show that 
process adaptation may help to increase the matching 
probability in the system and, consequently, to increase 
the system production rate and to decrease the system 
WIP. Future research will be focused on the 
development of approximate analytical methods to 
estimate the integrated quality and logistics performance 
of SAPS. 
Fig. 6: Observed WIP under different shits designs  
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